“Calhoun 


Institutional Archive of the Naval Postgraduate School 





Calhoun: The NPS Institutional Archive 
DSpace Repository 


Theses and Dissertations 1. Thesis and Dissertation Collection, all items 


1989 


A numerical study of rain-induced surface 
gravity wave attenuation. 


Howell, David W. 


Monterey, California. Naval Postgraduate School 
http://ndl.handle.net/10945/27173 


This publication is a work of the U.S. Government as defined in Title 17, United 
States Code, Section 101. Copyright protection is not available for this work in the 
United States. 


Downloaded from NPS Archive: Calhoun 


Calhoun is the Naval Postgraduate School's public access digital repository for 
| (8 D U DLEY research materials and institutional publications created by the NPS community. 
«ist sia Calhoun is named for Professor of Mathematics Guy K. Calhoun, NPS's first 


NY KNOX appointed — and published -- scholarly author. 

ia) LIBRARY Dudley Knox Library / Naval Postgraduate School 

411 Dyer Road / 1 University Circle 
Monterey, California USA 93943 





http://www.nps.edu/library 





eo 
€ 


sd 


TV ITE TEP LIAL EY SPREE Cea? Vi 


sgeices 


a 3 
3 


Oe 


Pwr Hlead 


Eq wfrbv? o> 


Le @ oillew 


e 
' 
. 
' 
i . 
. 
. 
‘ 
' 
s 
P . 
' 
. 
' 
' 
’ 
- e 
° 
‘ 
° 
se 
. 
. e 
e id 
® ° 
° 
ar 
e s 
ee 
e 
. ' 
ha 7 
o- x 
' 
a 
e 
» 
. 4 
1 a 
. ® 
- . 
rT s 
' * 1 
1¢f 
' 
@¢ 
« ’ 
° « 
eee 
e 
° ' 
. 
° 
' 
sf 
¢ 
. ! * 
. ¢ . vf 
. 
fe . 
. . 
5 . 
“ e s 
Se 
‘ 
. eo. 
t 
4 1%, 
' 
ee Li 
«6 aor 
e 4 ‘ 
i ? 
 ¢@ 
° ves 
° 
a e 
’ * 
1 @ , 
= 1 
' 
ee 












































































































































































































































































































































































































































































































































































































































































































































































































































“ots . 1 5 - . waey Aare & Lp iy my Gar Bm - Gy REST es wee SS a ee FO aa. mate sem Oe 
a hy a ees uot oe baa ep hh REA ARS" if wae te. le a eee eT arm bs ae. B iho parze es Pees whe 7d! gaa pains 9 18a Ae 
4 ' a re f re 1 ee ed 62 Rive? a e fede 0. Oi Re UA dEe8! OM 94%. Fars. »‘a-2- 
' 1, Be rth boule Pe See ae Whe Vise Zetarad tg: 49 296 i nF Nt ey 
. . Res Boa 2 ‘9 me? a mack Linh ptadets cap ASG a sue iaee ’ Saray Seatac davisAsAlte ’ rape ere ee Ded dm Aang 5 ysne Beets © on stag 9500 om. 
ves CE ae RSM ARS R en Sera feiss oera st Si 
ay 3 P -' Bi tt © es pen 7 oe hher 8 oA Os DAse® 1 Osler se 0 ae ns Used aryeolM aA. VD ay , 
' io , TY eT a es NO Yo US Ra ee ore rie YT TY IL Ne Leas bah te oe er ee ier 
: ot pane ea f nme ST Teo toh | Soe Li Seve 8 te « Gh WIh Aas LAs es Ne ney aa 4S Spee afei Pertenece? 
: 1 Oo Aig *\ 08 Sian : PPE TS el ie aN EEL OF Hk Orde eT yds are tae in one ArAUAcA 28. 6b2 te 4 wl 
: . ' a ‘od toG . ot Mit,a sATENSN, 2% 1 aga oe prtpey Ap ed 2h Lig Peder shad | Ae ee * anna Dee gaye. 
. ‘ o4 ‘ A 28 Grady tela oek Oe AO 1PDAMe ALAM STUIMjese. Fry OM ee a 
te ' ' A a) wos Ss AsO MBAs de eabyreset- : Me Rady He MAP 
ee, ie ' Hf os 8 fics me ' Pree nptecra ali oH a) 46 it Aap yates nanan Oo er ndec aeeuoe’ “a on ap ares 2.0 % Wadi s 
hat ' 4 7 sat i 4 s : i . q mast an 
: 4 ' re aah ae Sap Set 4 40 ob wl 2 Ven ae, ae en cae rae OID servo 7e aap ask deactaeares ft. Lehi les Be Sat Codey see pelle atone Galore 
‘a an 3 vee a dohagoe > 42 varh +e j anc erry ht ? ¥1sAlee! ©32 iauhe apato dase ana sade patty RBA Daa! D8 4:1 EAN Os! 6 08404 ae veattie aor 4 pb ra fhd oper ApAsen ez aah awewes oe py aly 
] é . > ® L ., 4 . ° +, Sur pea? ~ & tect 
AD RUE Ae as é ry i a Paar PTS hy | osn5ed i Hh halt rancly Se My ATA ee ert 1s a seanaaeee = sygnre:e 10sec om pee ee needy Sneoe 
nm Sse tA Ad ave nao 04 8 . = 
art ’ é oe te eine bs Sat ods bbe Zh. 8 ANDO A0N! We as A Aecpsmre Ae. & men end pay in ere ree 
ee 2 » Ae tac a? gbs%e : bn 1A yO Ae BAO. ORAMIMG he EO : . pad Baca ence & - 
" ¢€ ae ; ; Fe RUN ee ee ee eee hadi Pia eaThsOhg HGF bes Rat peas a ore seg nve ae erage: 198 
: . Wl "I eee! Mabe 1B ERP OD Bao ine TAS 8 hte RENT AAO ae 0% MID TA OS O04 cea ea apet saan satm rsa Awe pT 
7 1 ] ' - Shia eae We ie Ages We ad Pires peereryt PD Mt ry Wa an cam ennsgae C6109 Baer O4Ne 
NS a eee te ee ee ong Set eEie & Loe re Tt PR Th To 
' - 5 ‘ a ob 3 Api} am Ant od 2 te RECUAD TAO @ 8 pAIVER IND GRIDS Aysa30 eps rye Tae 
' . 1 > oe $1.@ t2 8am W BSASASS BG Ose Pig WALES ORs CX ATS Sam Te ‘ene 
: ; Oe PRate trae Tobutels BAe 1624 ae Ad By UF RRR EP hrm ig ZR Bs 09 0 feared 
coe a ae: OES ota a st 22 RUAN tag gc hamanmeeeaneona rants 143 
4 ’ i" ' of pin athet & 5 dPerst, , BAAN AA DBVAbALOIAL® Assets & ereteOie 
Re “ ] ' . “ hed gris of 0 Os Bee eR hie AAe Fe kee Agha AMMA be A,@iha Sy biter sss Me as GZ Me 1G ay WES OFT 
' ’ ‘ ‘ gas ees ek ae a tT Np neato MEAG UR SB ph, (ade Oat on O19! tgederesieo 
‘ Sgn Balt rere aurea auretan cw A: ars Yan gaia leegaat teases sh tt 
' : , ’ CAMB 2 - - 
7 ” ‘ , a Beat O18 26M, MF for ey: pS 
: eh eee r) Some DET 4 e banks erty "y Bespe asnties Ne ap rtp ne pbthe Cet ettiezesnaas Bite coeaet 
eS ae nity ae aie CC pee 9f 98 arose ; Pay a isestetedl vs Pokaan sper Mapes hk Grd we A ATVBD i oc8 + Buty age Ose vps tea Serene a ee rearing 
i Pry L vo Uee Hoa behety 2 rea me vate bs OPON AGAR AR Sr ht a Pere TIPEeCN Tr tod te are lainiae yenan wae ean cote tae 
= P. s 1 Pat Sie oS “4 ai Wee 2B" ata or bs wal sae | 9) 00 U4 gases : 
" fee pt) De ban) 18) 9 Re gee SH at aye aT PL SELL) Mn kde irae aati PY Seg ODD RNTA I Ups wrangacies fo" 42 4 Ve renha ba ®. R@Crobree® 
; ‘aes ' Sie ie f apittees Orme NT ILS LAd Regent itr ree TP Tie suerenyece ms we ements Cena rosy te Os 
. 2 Agta 36 B Apri borne , , chr 060 Co ag te babes *. 
U ° Aw 8 0 UAet 9 . mo) Y s/&Sihae @ seacaest: 
Shee yo oe eat CPT NT Sg a ee era pagaae sacda ot top palm tg aE Siac Ee eA amas mee avonaet ate in @.9 was Naeem oF 
come Ses % wD AD 8 nD 1 tgact vue Ce armeds? ot 2. 3AQD gE? ORS re SAAS Te Pier ere errant: erie ora bead Pte oh a as agripdons gus tuagreuircvsenmerets Seereee 
s ; ’ x apt : Hi aD tales a4apve " 5 ; 
‘ a eer a es nie et las ee ate Uh a atta ee eee ta Len dbew File pea ee mek on Sete fae on en 
Q os oS Ravers a 4 1. MA te gras Ge ‘ hema nota d Or at Senne Wom gio de dom, 7 ; op te baw 7 ar hee yn OG Be 
Ave . 4 e ae Raa aragh as Mn 1s poe? site! * Ai) ee 1faga. mS we 4 cee fre map hanes. Nae ies mot FN ORO atone A) md WITS re, pee he > eee tee 
i , Tee eer SGN SOTA tate Ne ee TSR: Cee ogee mney? AE Sheegs gm ante neat Bae genet aren erie anemones Nd ON gis Het rmaswen tees: 508 Srine Or ag ee eerie mae te 
nae ; P e Ager qn ah aamea pr eat'= Bane peatelaee zeimmes ry ace ae Re E ORES A ote 06 Sais ats One be Oe erase tetetene tet btn 
; me Beet pistes toy ees bie a. 9 johjan nOeAd © : Spee : we ‘Simi awans ts MSA rect ovens peau edna be NTT OAS siege 
. ’ ’ 5 anletg! APR eRe Come oes nan fo Bp Ta Wp codename na® ge stshe te Oreane phases 27 ep eens rsaen pad eaten Sat eere phe eomeman 
Sgr er INOM Be TA UNSN IPS : ae 25 para ead Shae 06 iP hf “hi 8 a O18 Rohs ee Be Teh ae 
: : oe es ote rs baum sbi pebry py es va Fe esate osacenebsectn 2°40 R071) 1 Og, pga sas wmabenanpeee Os OY MASE eres 
se 2s 4 ofng? ? odd ee CTRL 
Boreercdige ie yn it gt aAGe a cS qaqece. de RAYA Rone Fy: tual 0 Ge ernertrs ee 
ats z ue 4 oe an ae A eats gett ee ee ae pedi ight! Rebate oy =a 135 es ee nagelagartas sourene terrane vias 9 9 Ks gern OES "7 
3 wa as Agere a. ie es 4 M vonrep sovngrs 8 pheas?e Peis: e890 heey oy je nee Hegee Pe a diel adenr puree 6 Oy 4S 1 Ti wearers SH aged es ua SOO ser eetwer esse OF 
. m: F Ta aw Ve 3 gre: BPO Feze RPTSEEN NCO RR OTe PPR PTT Ol al bis tate a om Ry eB 800) ag aenene: no oom to Kiem enero Ot 
oe ° . sone) ee Ne >? sy stegen Np Ah Ea eae cNgcermiren knot ersuee papier py oa get he tad ce Set “ soaunra—ww meee Stee  ohgran Nearten werent ty 
: 8 ‘ UL A nde ls Maar ry a en ngrt@uihy e7eF aanengiry’ Sing ae a ew CON ayes tao rmn pat PS On ere Re 
pela! an a ents ' « ss 1 Beat T RE Sptgeio .™ e See iies sia be piped Spent Tht 9 f ak $03 AM bré-dmeaee 6 tov amare men ne ae ae 
Ney : ‘ Ci eh a “otreg? arnt 0378 ae monmban gris maneneage gone eevee a eT ol 0 a2 Aen fon tee eae Sue one BIN Og cigar 
Priel s panty a8 sar agree gravee ™s Peete Cha Vea isbt pine ae per Gm @ hg enepaedene! 2 R8Cc2sStRemeer® Be 
° fale 4 ‘ a due ap ts cbegres Fe, ee ote ae Se TR aS Es ted oP ahoes on, gee og arty Pett parte? fr preaactm yas miara saree Swe sees botertt urna Nitin ‘oat! 
: ” Lega FF Teen Ae pnp BAO ANE ghemees omsie s, equate! nesses alt O Loy eee d ope oa teh ga de ot Ste he ee an (tas rs iret 
a ' sev > fe maha ty SY © ane ee eeu Advitate ty Be SAS eip tery s Osan hoderves 1 bo@em an'009 7a poser. ne Fn Base? te mate ee CS kg awn 
ander & ‘ & we ¢ i gare * a re 
ed rein ae me a pone gt acre. Mg) ihm Reng So) é F) ne sorte wt My MAMA LHE YIN Fee Late coTan te Se sp Te naty wate wg ae papa 
: ate eC ieimiiale Savet ele? afte nae Rae Gr SA ne rte obovmpe os ie I pil ta pepe hs Gl dovmes’ “ SS a ea PO ee ce aepmptaarta U IEEE SS OP 
2 Lee rer ? eet, wre” eae ™ panne waseet = 
5 OR c St Pa ree OT Shen bt Sue Phere PoP ITT margageznteer is Se eaty apna gmdate 3er re TT pte or pte SSOP in aer 
' + wax Fas SO ee 1. 8 iary esse Loampepeer ays? esp ime Sgantene $e 2 = pec hae plea penser ewe terrain Gr aycams 
ar oe yet ee ; rT) 4 caer | af cute Opel rhl Ls shit 1 Se dea up edema ty a o Mo tye Chalet ae pul fv. ewes Me wens hemacn sens See 
e re e . 7 . che on”, : s = a A 
< ; ae «» Pa wee * rary “ ys a te oH See Syes0. a Pde Laid preted Mi saohene r eee mamannccad exis sag eel ord aeprepnenyetesprencintort wir tee 
’ 21a 8 ' Pite se eure ; ou, 8 fe Ghee : a ae Lastited Lshete™ 
; ¥ ceqikee t® Ee. , y s » re Se TRY CAD OD Pas td OPE Seeperde weep 
' - cape oN ae @ bi talaa ee ates, « gwen sue ens me 
- : :" ,. ids 4 resid t wet 2189 F ee aeeegriee K 1 -prenerosine reine 
* 4 ' r eee Senet, qh eee 
1. 8 ‘ is ' ete re ' bi re Seogeag watal see caer ge gal ph 
“19 P me oe . er seks sateick petals. (ide 28 foe oS Paetsch 
® ' e ye 1 . 1. Pigs 0m ¥ . A 
' tee yor a se 6 reap lee LA ftamgiy elratntaee ogy 18 FOR <3 sume! j'> edhe apt tenr ee 
_ : 7 Ae. Cate 7 OSE Rite St gs Unupagie ££ YG bie } Shekel omen orinet BONE Ea apAdarn cee ge Mee 
a ' - BY babs nfs ¢ ST Si Fava g cecipher sat pa at ay vee Qetmni oe Mamet erete 
- x va : ‘ ata. ale 
aa , . Gre , a Boia Se s -s 
; : “al, os: a oe ee nar ig et art va aac 
1 e ‘ 2g “ 1 ‘ ef Gort fet oe ae ‘ a tn gee ema ote oy Meee re ose 
- ' ae ow fi sgeapared mole gt hemone er Pet Sea ne aie 
e ae ’ : s 7s « nig je 4 Es ee eee 
a: . an F opto cnet aw bd = we 
cs F reat 4 oe Spr i el anehl Biases Pac Gg cdgees a Re tanene pS os 
SP. “\ as Ms re ot Pathe Mee ees 3: = ee 
Soe ee ” H Oc wipe ssaves 3 EY ‘ e an ns 
a 1 ett fi Pet ian : x ade o te nf oAt Rew! ame lee < 
. aN Les ay Ayste 2 Shp: gasereing” deme reas Fhe carne en tet end 
ob 
‘ yet te 4 a Pisce Bh eae UE ser * 
a ah He are weteenete 
-+ Pa peach bn bek rege 
i ' aT Nae eet once . 
5 a a Ee cape Meteo “eB eX 
A wears 4 
i Smarter “ww wD = Neher te ® = 
: rigreee she LE gee hepele toma avy aeer-tr 
° a ee eotenges Ga Fe Sa whan = NH te = qe rien: 
' arian eee te hemaneme ba ELST . 
= ee ee Oe S  teeatin died 
: 1 1 , _qhen led Le =ae ae 
a = 
1 =F 
' e 
° nop tinge 
2 DS ee 
s CS ke 
4 . 
‘4 
1 e < 
. 
. 
° ' *s 
s 
1 
s 
. ° ae _ @ 0 ° 
Ai 
‘ Fa 
e . 
° ° 
. ' 
' eer ateete 
bs eo? Foat 3" 
° 
° U _ fi 
a ' 
° 
‘ . 
P iv v. . P . : i . : 5 tata ee - 
a baat r ° ‘ 8 = 4 eer _} ‘ wie Le arr = mn Le pena: ° 
‘ P > > ; Oe oe aoe OLE Poem 
: ibe e 8 yl oe ican! 
. o- ¢ ee eo: a8 aE: - oe eT come Serrerecemar Ss 
Ls ° a s ae seen : paren gi He Sagi ee ee i ae meet Seinen ee EE em © age ee -_ 
- ° aed 4 + ae = iawn 
i eb i . eet wedhay 2 96 reme st oA 20-08 9° ce Se we eens, = oe 
ao © ¢obyen POE Sh eat Teo TN ee ae 
Seaysapsaetigserstgh fF clagh © 
re a ese oe ea’ leg sh as 3 Liye 
a ms : 
1? ° : 01 bree 912° le Fegan Sucker 
' A I Po a ea RE SGA 
ace fe Tee tin oe! ae MeL AS ake vpnes oom 
’ prsav 49° ee 
- * m_ Catt pt Halsey 
e a“ e 7 
« os . 
v ' e 
e o . 
aa? lye vias ogi ee 
Lae - ee : x 
Py ‘ 1 Ly pean ee aie eabywra 
7 Fi Paes teh prveuns aiaeseoal 
: 5 sad A EEE 
' ast ae Sea ons Seid capers MOTO). et Ba ree yee 
ae eld . 18 we Laid lal oi heen pee ory hcedag gait soap paacrinehypt am 6 C005 Oe ee Or pore po 
f wotren “ ere wees wae ee Relates) d=) Aina RM RLRS pro “wee aserrce ve Mew wren f Sn we te ge tt eee 
. o e aa ~~ —— . oe Ca a = 
x a . sete  dpapeleienbinnt serena Fee, raenar Covace ret bret soe weak’ PQs Daowpesen OS — 8 ee ck meaner pawn etek al, oe * ae? ae 
ad a presen wee re adar te yege oe Spm eteed ye? Seer t, wa eT: ecaxieneuipany ar J peepee yl ‘ 
' Lg nye eepel oye cor letay hen ee anaes a rs ae <7 ot eae gee e Oe Re a IT are Or eee aoe 
* a) Pers Ol gt ates eNe Ow s war rageeest eee evecare ec ceang owes yl ee Fi oF eine aoe eet ee ap 
ow Aoi eit ae e » leh Abetel ¢ Pe Lad dent ae Sapte wah 
. ° ¢ ercee aetete oat eect uae Ot Pere Saha oe oer aeaa tele aha A FR ne apne, oe 0 a an Ae mp gen Oo 
LC! oon, frre hg ter eww? tee ¢ OPE T Poca meta! gaa gene aa pegvenees MAA J b ead - ; 
. - eetelne 6 bet 4 nae 10 posers yowre ter erye om © Dope ante ety pu ar rB ake 08 FFA, ets Te te Oe phe ae eee aoe, 2 ee - 
; : ve . ne CR tsar thas abn voce pe . aad cd te halle pies Pipeline BEEF age 0 ne eee ee rates deck Sry eerret as ome eae. para oe oan epee Pouca 
° .¥ pe oe re 4 # wa 2 
oe or ae EE pre eT ea esi 20 NTS relearn a eet a means ranges meveerete oar negra Suan mpmime re ne gee erga meer 
. tae ‘ : ' iow (eneae - aa Pe FE 688 eT ire cm yome AOS EY ee eS ope tiee ae gr eevee @ eee erm aretis cs ore ened cop bae De pewrp tale PUT e Te occu ye wo cree Powe Poe om pal 
= u . se a gay & a4 = . Saad a ella dh Sr ale ern Seat SO TT aah ofeidant Sane oOy Ehedcowns! Tem anges Oa Oe ane ON cay 0 a8 Em ae NE A AEE eens oe ee Se 
* rie¢ee , Z ° ae ’ ‘ oer é Hd Cl Dies taser AGA oe ee Oe THY eee oe gol on ruliczal Sat Odie! ow opie gre a0 Oe amar ae sywwresen gestae po asare | ne oo ee 
- = . ” ‘ re pee SO) em Es 2h Fe Te caw © paar 0? ff tay PO 7 bs al 
ee . : s a . 1e on i a - ¢ : jot os ae se eae a yee Oe ae ae 1 ee Te soe pune olen one! el a ee “n ee eae grey - 2 : 
° a ¥ oerneF : 4 rb — "4 r by Ll f iz ° pan ge ans ad 
; ' Ld : , oe idl oie A edd a = eee To H2 Ae ee erage ernment Fe cessuisens - nr 4 _ oe wae AO VO 
al Sh ae tater sa eo 98 oe sine ee, oy nenene VO a yaya en er ameTe 1a rosary tel EOE a san oF tN veut oA : rie pee a” OAS 
é i ; - a TED ot ada Dea 
ere ks ° a yt % tee pet be FE ttn wey? terete k ee euarwennes yi tle ot sale wets ev Ager: Se dae ars a dnsary p ite Wen Oe renew Orne et Pe ES gee . ce anon an aa CAA FQOOE 
. ° . ry . ee ete Tie FT i LE heel” PPM CTE Lear ike dE NI Ue) ek TT Ly ay Hypatee nn tea vergence Bre 6" rian ap 9 Wists hed Oe PAN ECO In OPT SN aon 8 gees 
ea ‘ 2 ont - poucis ge oR Fae Mate oF a age pnacnaet Pee vein wire 6 TS ereee rae ah rh a 6 rae La anata DATE E Spar ae aaatare aA aTIE Cae ee enone se a 
teat * 1 4 bn em myers gp Oe eye ate nent 9 ues ne wpeya's cra voetly Fete! AR AURIS ST Te A cap Geer eam hy Che RO EE ae Aa soa serene", oa a EEF 
ET ME ESR OMA TE PMR ea eat ep SA ATS reduced ie petra et teense rh oe Mg po wed Rite enle epe eee a 
' q ‘ 1s i rei . - eouse! gl of pie th? 2 te @a0s? rp = 
- ' « : . — 8 @ ’ o phe tve " ae gpa tard? was owe atest eset weisgon 
ie re) e on 1 nee th om eye 7.7? na ore, orpeee S19 th? of 2% Wyatt gies ems PEI ETAT FE acer Cewe Ae estat gusrewD™ Maem eprops Stare Om Saran 
. Y s . owe PA ind IE Lal owareiee wt oP vi 1 ge KY Amo hTenteyase? sae , ee eg SAE ge TIES Ape OO Fe Png py EE TE SO 
Gite . ; 0 .f Detar novelty 208 eee pa peinaphte gnete oy cata ten enawinrece rests. ‘ Bm Fe eee 8 On cee ae Sit ee catenins Semana 
Pr oie ied ai Sela we % 2. ae Peon yoy av, MNS OTE swrenqats mews Se eS ahaa ptven eet Orn” Oe aye er ee ee eas SF ip-apclan oe en ae? 
. ° #, ' PY i i li EG Be a Pe VET ION® he coca” HU CeraNy” g & wet sign (prmantgap rag ee see - Cweeger ree FEE eich © got ang ans ee ar awe wht wd ue 
. Pa af é ous “ o srt ps Wd ayes wr9 ord ct errors ayennea poceye raw Cw Tere ptge a grarwise = Ove pete TOR Aen saeegt ot — 
' . ete we 2 types sae sieve 1 ot pate ewe" pin the eryvesed 9 ng wale ge ates Be O ees prensa nnn aan 
s : ? P ge mee O ori af wane we © Ope pretense ah Cermar wre S gaghe yrst UTe ee pS ae pve TR? eae eyes mein we 
‘ P a; ' 40% i over oe 4 we fet ie : Rhee oreiatr ort eK aed ot ae atten 008 ar WIE NE Swe 0 wevsoy vemwres reel eee ee spel arte ree * ne meen Ae 
2 er . A od ot i ; o 7eiee a*% ageren abe BRAS vente Vine rr we SO et arg TE Ode eee ee eS rts EOD Or Ne TE og ot Fan praising wae eo erw 
a ie ne rie cy wll Ube . + s% ee Bi ‘Bee eats rs fon beta rata oh PO ay cknphepe pr pode) oat Fale Ore a eange BONE” VT 
oe 6a @, oot : ser st o yr ate «gt sdipree 1 VY RPL VUE F shoFer io dys aw es ad (oes PEA Ewe G0e™ eet ee tah Bae ee aS 2 Ow 
Ne Pare. Pe ct 0 OS NAR es aula rai seeue e 3 6. Tage reg rake ate" ne a eee ane EN ee re nto ee ae tpnae exgemacen ae = ae ae Oe 
¢ — é , . oe . spel E ~~ 
ee: ees rs Gia ia on yale ane ay ary eM ern Set de ate orengrr ehneneeinen wee ate ee 
ee ae ; e : * neta ee exeraetetrenie: gyarads vir comes Vevyrmne gerattiran as § we lees Fe eBid Pred oo we yeast DVT teary monet e YY? OES! wanaeree 
avr po 4 Keo cat hae gb e ety Od Ve Ve Fe pene Wes ad. oyip ae ee al cane Cee atieateminepnd tere 
° > se drei reef & Poe es en Par E rats serennann VITAE: eRe a et rgepety ie Fee ere AEUIT eS ee gaat eon eint ATE Oe cuemeg ant cea cena aera = near oe FS 
a : 2 oth i) i Tht ail tat del cp 18 rie gt oO vhs 149" eG : jap rapeegrara® MA eee eT Plerg nae wee Kerr Tt phen pprrye Oyrete rw hr Fi arene” 2 une sare See 
. a8 ° mare ae Ye ied see S ype ne peel LANE ogee ae"? " ° Preah ot aie grate! ow 3 Che 1m ener at de Le! gg Agee FFA GOTT OTS panies pres oo Pane 
if lis oe eee fe A pelt kde ating 1 get evar ial ge le vue re 2 dane ggietyy eer? ease" genes 7 Fha® PLVI GM ATR el deladal gh alt erode ae ree 
a ‘ % oe non 2 : rptetat rl H peat erin Gr met wine gs i ereenta < er SONS OE See abahae nat ae 
" . ary ° a 8 at presen, sence WOES ee Ot 1m Sor ee cap anton than gates fo heegak airper toy ruruoe sogreeyiat oC ol crave epaewes o> pagar 7 ape 
i ‘+ a ® w is Oe Pan eee Ree Te wr cusee 1 apie recherwr ss ip eee e Spe ewrewagreny> pleat ess iter preci neat ectren Meee "4 eet POETS 
a> Spite SUR PoC. Laer errr i Mt LLU mak eee at artes a plantas cour nee ep lucy 9 MoUra wre geese oe MNT LETS fg grat coarse worst a cron egester=8 jroo BM PD COUT A 
s ' P wey. pees ad? sha ge H Lis neceyed Sets Ot OR” 8 oe ae EAD yiues'e: po els onprense wt Mee Spe precy wT OTe IR MoT? See en ge ree er EN 
bes i ny Uecvieuse **°? ie a By AT) Woda ees ae yhe ire ray yee FF" ile OPTION ware rcae eer Rest er a One NN ar EO A Oe ne ama pe NI 
tea eer Coeur YF me watts ote ayerae saree F PT TL ddd Btls erp Gute G00 #40 CTD I ienacne Waa tage cpeqaarty mene 6Fem : agit 
° U ‘9 ee . Santee Fe Fae ath 88 NET EK PENT ge pers ae nvee et eat ee yn > we! (oot beta a ar yr et erer is erat peeve are ADs Ee een 
; 5 : at tok egrery Xa Paar a Te phage prorat PSO e a 
. tf ee ieee ' ; Sane Ue aretha Ngee GOMINS Fen ee ae oirarynen ern aee eee sawn aera ragged wraawew gohan ed peel arene terns were 
£ . Upecoo. ot Pepe RRO PIT Tue Ad agorer ey £12 Fe Soricenat 9 bieeer fa AT 0 oO eee na Ryle Pr ed Oe eee Oe Tn gnrnn Saar ORO arr nOwe SS 
1? ; ov tat) tern 8 ow APTA OS Nae 2891p Oo GENE WOE 5 nae it ire® aoa 947 BIS TE A epicts $0 Atary rar 36 aoe a aps ogre 
a , A arene dy Kor geenye 88 i rasece za leapt tee pay yan 9 sepete tenees Race acer sis tara S2WORT OTE 7 + BT Paes ogra ogn pane 
e “% i ow fg BA? 6 60! AA shyt AF sod eastyr sm | aden Faire x96 Fa Crna op ao abrrerme 
f : : ee ae a eink te tpratne PUT—a he 18 01a" RI TN Sytoatetehwes derve presen the 020 Oi ae --prereeN ea eee, pod Atzre Cae SOUT SENOS eee weretrree 
_ : 7 TEC Fe hr Lee cee, pa raunth ee or eren geek wera batted Dred tab siege treo re we Fo Ee teak pede rt Fag ra tea tere aT LOS We ALPE Y 4 oa FOTOS . 
‘ op oe e".} G * Pe, bed ‘ oad pre e wears i 0 Aa cera hat eh orks ee ee ie OCICS 
’ = “ ' F peer ig tet, Gh eh tne op wns 1 A ls AG ingot CeCe whe now ips 07 great ee! 
: aye cee : are Oe ie si getegene’. Tee rcele Sprle 0 WT feme'srawear’ wwe Brad A gr ser 098 & Pets pelea ware ere - 
. 0% ee ein i Chath ad's oo eeO wer’ doen ay 9 an ove per tie te fame o set sn Ga ASE eared qaroce AE Te 0 A ER ee 
' : +h ets ’ PN Sa see sae eet cick Wor s ntO Lore” come an ae ne feneae ten POAT yar aee yaaa mairel Dited ear PAPE Ite TO OA Ore aga pe peer 
fs é tae Syoe wa Aten & Cte ee FO Te 
le wie tae ran ye ete area Soon reacts ot gen NEES aioe Pea PR eg nae TS TD or hind einen Fa ARE OTL ER SECA LT PDD ® pane oo poet 
ee av ‘ ‘hae Boe Rd hs wan reine Pitas Fomine Ve Ri en aias metre tet t ae %s ee eer Terbey cece peer tne Samet y 08 tere TS geen omens 
; ‘ ’ LOOP Take th ead eA et. SI VUE ENED Foe PE a get ad Qrembeare tre tt oe WE gin charter Tae Oe alte CET TON OS ee ne a Getren PI LE Aa 
: ot “ r,s oe 7? Forte 1 a IE OC eS eT Oe ol den 39a HIE Deter 520 Nap eate” 1% yates VK yet Hp he quan ae trang, $yeus ers ae gt rtnn peas Sorel wie TS" ere See rv ce aaseyre eee SD 
; : ¥ . % 9% een, 8, ct gee SECU are, deg RGeevere * poi ta ots Gena “DA pela Faas A OO ye RTE ey ater we bese OH SO* at whe (a eed ee 
' Ls “sf {ra Pe LTE oc Sir hy Sa eh hae (Aone Ta TI) Fath hit ganed eeretess pre cyeertr oe 2 es8 orem 
; 7 : R : Samay = yh'y WANG? BF : sd «pyre tr pre's Hi pan rete regres OS pre ere: 
5 da 4 ara Sk wAK pie ONS: ATT edeach ares Uaturessmnes meus’ sarenevresinee 6 (op reps re go eter erry eee eee ter me Tn se ae 
sass . 4S 2163 La ip Say tye ate eae? eye ee cha ds foes SANT ave Tea TLE ery arvet a ecee! ne pre SUT ANT ThE (0 CECE VS 100 AUTO CY CONS SO rere 
1 oe é f 7 j t Dt f ne ie erseris rar 1 Oy OE be oe a iG alge arte eed sank aoacecern See : Pe T ET PPE CS” PT po 9 CHRO Te 
‘ —s * ele pret , as hat Nir Vil Gs PTEFY®: | Bs G 8ye teh Foe aoty lye speaen egal: tiryee- hy se aee a weed = Poe Op Rei eee WS 
‘ r¢ : “~ ek : vera Therm She 603 res etgeh GerPysers G's | 2 dla negates SY tire ah, er lod BEN ¢ OTROS : Riad ahaha thn 7 yp Sasa me ae 
Bie e ® ' \ “ vera rreate er hae gig argh a ye vee BPI gaa etremeg” ae Pate 1h MATTIE Corea at et wees gms 
. ‘ rt het name a SON SO Nae, bl a hot she oes Sher D ¥ FAM et NESS OT ah p92 Ww rst EO Ae tin 9 0 CME VED See Pe eeteeY aT TTL DLE? 
“4 = a e “et ali 7g raping 9 JO 20 eh age pene ar ere ey a habead ae a i he enews i Here We" ex heed eres tee 
ae 2 i : : sry? Meath “Oe free 1s, ate CON a: eeay renesere ro Rie hey re eee HS Ot eae rigs be TP RLD apau te WINE ee CPR tee ere 
: . ~arr S AA Aa Set OS) colin gry (Ope saree es Petrie oad ile hd app a! greeurees ound anbre Te ee a matted 
ee er yer, Atay let PPP URE Sob arti a Mine Dit yet ern ons test steels yen ae "erpetrre 
_ ; "ya eos 8 gsr seach ge oyeer se Rey: a 0 6 Marja Ty ee t 
re we 4 SO Maca rT | POTTY a tok abi ae 
‘ . ' ‘ i » 9 4 - Ss bates BunG 5? aon wea senere $148 aus Pdr or oie be ed 
: . o' ' as 024 Fok ee sNeerOrusS 7)" BP tan ast qentsteaceee Ned eM * Steyr ret BT gE 
' +) 8 4. 45 a Sep Beg Se Meee Re a paeaneett tev ns J 
Preece ree, Rita MURA SgslY atta er ena retire its 
fet: e 4 o P a epee obs" er pe on ode ies 1) AKER WALT IST 
: "8 1 ate yee Sh re FY Bene ee eee a hgaadtb ret amie! Of Frese e’ AG EET NS EO eeeceseIena? 
ss 4 4 en ae hs Ye okie a A Find hl ae es IPE ee Se oe rrirenaaneys mare te! 
‘ S + ‘ ' ves E i Fe econ 5 ay es 0 4 Wa Soe TU Ratarete epee reat teres Py srg res 
‘s . . ener’ Te yey tye ee . 
4 ¢ 72.68 4 4 5 IF SAa eH ZO IPS ie ot tT Lye aa enatp <aS 
° ‘ : 2 ot ree | uae oo. Dae ke ger AT NUE ETRE SFOs OEE Oe Lanes Sy et Spc PNP Se Gece s! 
e' : ' . * ‘ ey @ ' Ferg tty OI MNT ROE Seeks pect are Zor eet TICS ES sarge Hy ert reeves ve Oreo 
‘ « vu its. | oe tan EOS One eee ee een Tey ech ame CE SEEE TTD enh a er ee ee ane: 














NAVAL POSTGRADUATE SCHOOL 


Monterey, California 





- >> 


A NUMERICAL STUDY OF RAIN-INDUCED 
SURFACE GRAVITY WAVE ATTENUATION 


by 
David W. Howell 


June 1989 





Thesis Advisor: Jeffrey A. Nystuen 


Approved for public release; distribution is unlimited. 


TO)L)OAQZ 





nelassified 
security classification of this page 


REPORT DOCUMENTATION PAGE 


la Report Security Classification Unclassified 1b Restrictive Markings 


2a Security Classification Authority 3 Distribution Availability of Report 
Approved for public release: distribution 1s unlimited. 






2b Declassification Downgrading Schecule 
+ Performing Organization Report Number(s) |5 Monitoring Organization Report Number(s) Monitoring Organization Report |5 Monitoring Organization Report Number(s) 


2a Name of Performing Organization 6b Office Symbol 7a Name of Monitoring Organizauon 
Naval Postgraduate School (if applicable) 35 Naval Postgraduate School 
9¢ Address (cid, State, and ZIP code) 76 Address (cin, State, and ZIP code) 
irc CA 93943-5000 Monterey, CA 93943- 5000 

(if lem 


3¢ Address (city, state, and ZIP code) 10 Source 110 Source of Funding Numbers si(‘isS:*~*r 110 Source of Funding Numbers si(‘isS:*~*r Numbers 


Program Element No 
11 Title (include security classification) A NUMERICAL STUDY OF RAIN-INDUCED SURFACE GRAVITY WAVE AT- 
SENCATION 
2 Persona! Author(s) David W.. sons 
34 I\pe of Report isc Time Covered 14 Date of Report (year, month. day) 13a Pace Count 
Blasters Thesis m 


To June 1989 Rot 





6 Supplementary Notation The views expressed in this thests are those of the author and do not reflect the official policy or po- 
ition of the Department of Defense or the U.S. Government. 
7 Cosauu Codes 


pielc Grour Subsroup 





18 Subject Terms (continue on reverse if necessary and identify by block number) 
Ocean Waves, Attenuation, Vortex Rings 







G Abstract (contitiue on reverse U necessary and identity by block number) 

Strong rain-induced mixing in a thin surface laver is numencally shown to greatly increase surface gravity wave atten- 
lation. This case study uses a single wavelength (2.8 m) together with two mixed laver depths (10 and 20 em). The rain- 
nduced mixing is simulated by vary ing kinematic Mircette vataimetne mixed laver from ]0-*to 10-- 72- 5-! . molecular to 
trong turbulent mixing. respectively. The results indicate that surface ¢ gravity wave attenuation in the presence of a thin 
ain-induced mixed layer can increase by a factor of up to 6000 times the attenuation rate due to molecular viscosity alone. 
[his indicates that rain need only mix the top 10-20 cm surface layer to effectively dampen short surface gravity waves. 


© Distribution Availabilty of Abstract 21 Abstract Security Classification 

X unclassified unlimited CJ same as report (. DTIC users Unclassified 

poz Name of Responsible Individual 226 Telephone finclude Area code) 22¢ Office Symbol 
oS 


reff vstuen (498) 646-2917 2552 


Mm FORNI 1473.85 VIAR 83 APR edition may be used until exhausted security classification of this page 
Aii other editions are obsoicte a 






Unclassified 


Approved for public release; distribution 1s unlimited. 


A Numerical Study of Rain-Induced 
Surface Gravity Wave Attenuation 


by 
David W. Howell 


Lieutenant, United States Navy 
B.S., Texas A&M University, 1979 


Submitted in partial fulfillment of the 
requirements for the degree of 


MASTER OF SCIENCE IN METEOROLOGY AND PHYSICAL 
OCEANOGRAPHY 


from the 


NAVAL POSTGRADUATE SCHOOL 
June i989 


TABEE OECON TENTS 


eee [o,f OM eee ee es l 
PO OO Ne ee ee v2 
Oo SIEGP SES GSO Qe oc 6009 5 0 Oi 3 

ee Mew RMN Pi ee ee ee 3) 
fpiliigemeiiecisal Ue tO Rai... oe. ec ee tee ee 5 
PRMESICTICNICS OL UGG ININGS ee kee ee ee ee ee 6 

OMe eg Cede edu aveMi@NdnceS) 6. ee ee ee 7 
Ee re ICA) ADRTOACIVNE- see we S 
SE CHOU DIS 0 ESA 10 
Ay Wi OO) 200) eee 10 

lon IIL ON SS og es 14 
easement mire ok PIROGRPIEN yee sca ee ee ee eee ee 
MC a a Re ce ee ee ee ee 24 

SOU Ce CCC SN QNCS Gs. ee ba eee eee ee eee ee 

Pe monmes no IC) 6 eee he oe ee a eee 2S 

PP POMP CII Ge Re ee ee ee 

De CLOVIS IUOU SS 5 SR 26 
RE SSCS 7 7 5 ng ng 
POOP IION TIS] 28 ees 30 


Table 
Table 
Table 
Table 


Table 


Fa) 


LIST OF TABLES 


. RESULTS FOR Av3*eM AMPLITUDE WAVE: 222. ae oe 75) 
; RESULTS FORAG EM AMPLITUDE WAVES Wie eee ee 21 
. RESULTS FOR A 3 CM AMPLITUDE WAVE, 10 CM MIXING 


DEPTH... ss. Sesame ene ork 90: Secs Bap hase 0c 24 


. RESULTS FOR A 6 CM AMPLITUDE WAVE, 10 CM MIXING 


DEPTH. aucGie en ete cole a). + on ee ee 2 24 


. RESULTS FOR A 6 CM AMPLITUDE WAVE, 20 CM MIXING 


DEPT H.. | sc schteeteeeengee aie a ane cater ee eee 24 


Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 
Figure 


Figure |] 


LIST OF FIGURES 


Pe ecomletyclGemtimoiediclomen sree.» 0s ee eee ee eee eee 4 
PPebaricad cell comic UlanOn me TM. MEG ek ee ek ee ee ee eee 1] 
PRIMinermetieMVISCOSILY Crid(GOMMCUTALION .. 2... 2... ee eee ee eee 13 
4, Initial wave configuration for all experiments ....... eS ee ee 15 
See SeMCHIO PACHTOM TMPOUCINIMCRaMIn 2... 1. ek ee kk ee 16 
CMenCcePaOpacaliOn Wl. . a... IES Ee 17 
Pe ncieloe ol U VS deptliy qema | pais os aeWweev eee s sau 18 
SepmO@lciitjaleamdeminelic CNEFEW VS TIME «ke te 20 
O\, Proleitial, ayaral Sy ola oles ols Gay SC ()a0(S ae om 
WM CAMCMMINCIIE RON GVA CE 2 pe ee ee oS 


ACKNOWLEDGEMENTS 


] would like to thank Professor Jeffrey Nystuen and Professor Roland Garwood for 
their unending support and answers to my many questions. A special thanks also goes 
to mv wife, Anna, for her support, guidance, skillful typing and patience in the writing 


of this manuscript. 


Vj 


I. ABSTRACT 


Strong rain-induced mixing in a thin surface layer is numerically shown to greatly 
increase surface gravitv Wave attenuation. This case studv uses a single wavelength (2.8 
m) together with two mixed laver depths (10 and 20 cm). The rain-induced mixing is 
simulated by varving kinematic viscosity within the mixed laver from 10-° to 10-7 #2? s“' , 
molecular to strong turbulent mixing. respectively. The results indicate that surface 
gravity Wave attenuation in the presence of a thin rain-induced mixed layer can increase 
by a factor of up to 6000 times the attenuation rate due to molecular viscosity alone. 
This indicates that rain need only mix the top 10-20 cm surface laver to effectively 


dampen short surface gravitv waves. 


I. INTRODUCTION 


For centuries sailors and casual observers living along the coast have observed that 
ocean waves are dampened, and the sea becomes flat during rain. This dampening is 
evident especially during rain events when winds are light or calm. This dampening must 
be a result of energy transfer from a raindrop that strikes the ocean surface. The 
raindrop impact may generate capillary waves, subsurface turbulent mixing, and sound 
or heat. Only subsurface turbulent nuxing is likely to interact with surface gravity 
waves. This process, first suggested by Revnoalds (1900), takes the form of vortex rings 
which propagate downward, mixing the water in a near surface laver as the rings disin- 
tegrate; thus enabling the vortex rings to effectively increase the turbulent mixing in a 
thin laver near the surface of the water. 

Manton (19°3) used an analyucal approach based on Reynolds’ idea. to argue that 
rain-induced mixing will cause surface gravity wave attenuation. Manton assumed a 
constant eddy viscosity throughout the water column to solve his governing momentum 
equations. The assumption of no depth dependence of the mixing seems unrealistic. 
The scope of this study is to examine. bv numerical methods. the effects of increased 
turbulent mixing due to rain in a thin surface laver. It is hypothesized that by increasing 
the turbulent mixing in a thin surface laver, significant attenuation of a surface gravity 
wave will result. This studv focuses on waves having a wavelength of 2.8 m and ampli- 
tudes of 3 and 6¢m. Eddy viscosity is vaned from l0“ to IW iis’. Tt hemmcaviancn 
depth is either 10 cm or 20 cm. The rate of kinetic energy change at each time step was 
calculated and used to determine the rate of wave attenuation. The use of a numerical 


calculation allowed viscosity to be varied with depth. Alternauvely. Manton emploved 


a velocity potential solution: however, this precluded solving for the rotational flows 


oceurring here. 


A. SIGNIFICANCE 

The dampening of waves by rain can influence satellite remote sensing observations 
at the sea surface, in addition to changing the characteristics of the water column. Sat- 
ellite borne scatterometers and Svnthetic-Aperture Radars (SAR) measure microwave 
energy backscattered to space from the ocean’s surface. Scatterometers are able to de- 
termine wind speeds based on the energy backscattered from the sea surface by short 
surface gravitv waves (approximately 30 cm). If these waves are attenuated bv rain. 
scatterometer-derived winds will be in error for areas under a rain event. giving the 1m- 
pression that there are hght winds present when in fact greater winds mav be present. 

Fu and Holt (1982) noticed that squall storm Imes were easily detected in SAR 1m- 
ages. Thev found that down draft and rain areas were delineated by changes in image 
brightness. The image was brighter in the outflow area due to a rough sea surface. A 
smooth dark image caused bx the absence of backscattered energy suggested that in 
areas of rain the capillary and short gravitv waves had been dampened. 

Rain also influences the water column. Livezev (1988) found that rain events could 
cause changes to the seasonal mixed laver depth indirectly effecting heat loss to the at- 
mosphere. Using a total kineuc energy budget model. Garwood (1989) demonstrated 
that a rain-generated iuxed laver would form in a stratified water column. A 200 cm 
mixed laver depth (\{LD) was produced when turbulent kinetic energy (TKE) of a rain 
event was injected into the upper laver of the ocean, see Fig. 1. Within 1000 seconds 
the MILD is seen to be approaching steady state. A continued deepening of the MILD 
Will occur, but at a much slower rate until equilibrium has been reached. The results are 


tentative. but do suggest that rain has a possible role in ocean nuxed laver dynamics. 
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Figure 1. Miixed layer depth prediction: A 200 cm mixed laver has formed by 


rain-injected TKE. 


When a raindrop strikes a fluid surface there are other interesting effects. One effect 
is a roughening of the sea surface from depression cusps that break the smoothness of 
the sea surface. In conjunction with the wind, the roughened surface caused an increase 
in the surface stress. This stress increase auginents the transfer of energy into the water 

column. Caldwell and Elhott (1970) found that a rain rate of several centimeters per 


hour in hght winds could produce stresses comparable in magnitude to the wind stress 


for winds as high as 10-20 ms-'! without rain. A heavy rain can also produce bubble 
clouds, a layer of bubbles beneath the wave surface, similar to those produced by 
breaking waves. Thorpe (1984) used these bubble clouds to examine the effects of 
Langmuir circulation by following their progress through the water column. In his study 
he found that the Langmuir circulation increased the flux of gases down into the water 
column. Rain is thus able to effect directly the surface roughness and stress, and to ef- 


fect indirectly the flux of gas into water column. 


B. LITERATURE REVIEW 
]. Surface Effects Due to Rain 

Revnolds (1900) observed water drops falling into a glass vessel and he postu- 
lated the first explanation for wave attenuation. From his study of vortex rings. he be- 
lieved that the “ knocking down “ of waves resulted from nuxing of subsurface water bv 
vortex rings formed bv the raindrops hitting the surface. As the vortex ring descended, 
it entrained fluid from the moving surface laver and carried this fluid downward. 
Revnolds reported that the nonmoving fluid from below would rise up and replace the 
surface fluid. dinunishing the motion of the surface which is essential to the continuity 
OF aie wv e. 

Later. Ashton and O'Sullivan (1949), Barnaby (1949), and Sainsbury and 
Cheeseman (1950) further investigated Revnolds’ theorv. Each of these groups con- 
ducted experiments involving drops of dve striking a water surface. Their conclusions 
vW-re inconclusive in testing Reynolds’ theory. Although vortex rings were observed in 
all experiments. the rings’ effect on wave attenuation was not clearly established. 

The interaction of water drops on surface waves was explored subsequently by 
Siscoe and Levin (1971). Thev found two very different processes, depending upon the 
raindrop’s point of incidence on the wave: a reflection process and an absorption proc- 


ees, lai) ubsorpuon event, the drop strikes at or near the wave crest and TKE 1s mn- 


"Sy 


corporated into the wave field. A reflection event occurs in the event of rain striking the 
trough, and the TKE of the drop goes into producing subsurface turbulent mixing. They 
found that during an absorption event the energy supplied by an impacting drop ampli- 
fied the surface wave field which propagated out from the point of impact. Drops were 
colored by dye to investigate further wave formation and subsurface interaction. The 
dve did not penetrate the surface for an absorption event, while during reflection events, 
dve penetrated to the subsurface waters due to drop-induced mixing. The observed 
motions of the dve that accounted for this mass transfer Were vortex rings and weakly 
defined circulation cells that reached a depth of 5-10 cm with an occasional ring pene- 
trating deeper. 
2. Characteristics of Vortex Rings 

When raindrops strike the sea surface a portion of their energy 1s transferred 
into the Water column in the form of vortex rings. Keedy (1967) conducted an extensive 
study on the formation of vortex rings bv free surface interactions. Ile allowed water 
drops of various radu to fall from heights of 2.5 inches or less, and he observed ring 
formation and penetration. Keedy found that vortex rings penetrate to a ma\imum 
depth of approximately 10 cm. Also noted were density differences between the drop 
and the base solution which were important in determining the maximum penetration 
depth of the vortex ring. For a drop with a density lower than the density of the base 
solution, the vortex ring expanded in diameter more rapidly than if both drop and base 
solutions were of the same density. 

Maxworthy (1972) observed the propagation of vortex rings produ.ed using a 
membrane apparatus in an experimental tank. He found that as the rings traveled thev 
continuously entrained surrounding fluid and grew in volume. At the same time, the 
rings Were losing vorticity into a wake and decreasing in velocitv. Maxworthy also ob- 


served two different processes when two sunilar rings. one ahead of the other, came into 


contact. If both mngs had the same Velocity, the rearward one would distort and squeeze 
into the forward ring through the rear wake area. The rearward ring was then wrapped 
around the inner part of the forward ring to form a single larger vortex. If the velocity 
of the rearward ring was larger than that of the forward ring, the rearward ring’s entrv 
into the forward ring caused the combined ring to oscillate longitudinally. If the trailing 
ring’s Velocity 1s much greater than that of the front mng Maxworthy found that the 
newlv formed ring would disintegrate with a faster ring propagating ahead of a slower 
moving ring. 

Batchelor (1967) had previously found a similar occurrence involving two simular 
vortex rings and suggested an interaction analogous to “ leap frog. ” The velocity field 
of the rear ring has a radially outward component at the position of the forward ring. 
AS the radius of the front ring increases, travel speed decreases. At the same time, the 
rearward ring undergoes a relative increase in speed and passes through the larger 
Vortex, becoming the lead ring. This maneuver is then repeated. The interaction of 
these rings suggests that random rings produced in nature will collide, changing the 
ring s characteristics and velocity. The gross effect will be to reduce the penctration 
depth expected from a single vortex ring. 

3. Rain-induced Mixed Layer Changes 

Rather than study individual drops and vortex rings, Green and Houk (1979) 
studied populations of raindrops and the subsequent mixed laver formation. Observa- 
trons of changes to the mixed laver depth (MLD) were made by determining the location 
of the thermocline. This circumvented the need to consider individual vortices in favor 
of an integrated turbulent mixed laver. Green and Houk found that a mixed layer had 
developed after 20 minutes of rain. with a deeper MLD associated with the larger drop 
sizes. The depth of the mixed laver in salt water was approximately one third that of 


freshwater due to the larger downward buovanev flux. Al] other parameters were held 


~ 


constant. Green and Houk determined that the majority of the mechanical energv flux 
went directly into subsurface turbulence. The overall effect was a deepening of the MLD 
as the energy from raindrops diffused down into the water column, deepening the MLD 
10-30 cm in freshwater and 5 to 10 cm in saltwater. 
4. Manton’s Analytical Approach 

Manton (1973) presented an analytical approach to explain rain-induced vortex ring 
mixing and the resulting wave attenuation. Through a scale analysis, using the 
raindrop’s terminal velocity (V) and the horizontal wind speed (UL), Manton defined a 


vertical and horizontal] eddy viscosity: 


1/2 


=f a aa 


=f (2.2) 


Where / represents the volume fraction of drops in the air; and / represents the turbulent 
length scale determined by the average distance between drops in the air. In order to 
use vertical and horizontal eddy viscosities 11 the momentum equations, Manton needed 
to prove that equations 2.1 and 2.2 were independent of depth. Through analvtical 
means he proved that the shear laver thickness for a wave, on the order (+ yn Was 
smaller than the penetration depth of vortices (10-20 cm). Erroneously, the shear laver 
thickness 1s the depth associated with friction from a boundary and not the depth asso- 
ciated with the wave energy, 1 k. By assuming that the maximum mixing depth is related 
to vortex ring penetration, mixing should only occur at a depth of 10 to 20 cm, which 
is much shallower than the depth associated with the wave energy. Manton solved the 
linearized momentum equations using a potential velocity solution. implicitly assuming 


irrotational flow. However. when mixing 1s present the flow becomes rotational. It is 


still possible to predict the viscous decay of the waves by assuming that the mining 1s 


uniform over depth (Lighthill, 1978). If v, and v, are assumed to be equal, Manton’s 
results would agree with such theorv; however, Manton used separate values of 
v, and v, to incorporate the influence of wind into his solution. This is an inappropriate 
use of the viscous decay terms in the momentum equations. For a vortex ring, the 
horizontal and vertical mixing scales are of the same order, thus v, and v, should be re- 
placed by a single eddv viscosity coefficient, v , for the mixed laver. Wind, which is not 
considered in this study, is normally introduced as an additional surface stress source 
term in the momentum equations and does not appear as part of the viscous dissipation 


term. Thus there are two serious objections to Manton’s effort: 
l. introducing nuxing over the enure water column, and 


2. incorporating the influence of wind into v. 


This study uses a numerical solution of the Navier-Stokes equations for a surface gravity 
wave. A single viscous coeflicient v will be applied to a thin * mixed laver “ and the 


resulting attenuation wil] be estimated and compared to classical theory (Lighthill. 1978). 


Hil, METHODS 


A. THE MODEL 

A numerical model, SOLA-VOF (Nichols et al, 1980), developed at the Los Alamos 
National Laboratory in New Mexico was used for this study. This model is a general 
two-dimensional finite differencing Eulerian code which allows for complicated compu- 
tational domains with variable boundary conditions, free surface shapes, variable surface 
tension and compressibility. Behavior of the fluid is determined bv solving the Navier- 


Stokes equations: 














a 4 
Cu Cu eu 1 ¢p Gal Cu | 
eae te a 2 ae = = ee a + a 5) (3.1) 
CR CV CN ee? ey ary - 
ae yelia a hair cl ee ere me - - (3.2) 
Cl GX Ch en Bx ey? 


where wis the horizontal velocity, v is the vertical velocity, g 1s the body acceleration due 
to gravity, vis the coefficient of kinematic viscosity, and p is the fluid density. In addi- 


tion to the momentum equations the incompressible mass conservation equation: 


must be satisfied at each time step. 19 advance a solution through a one time increment 


the model must go through the following three steps: 


1. Explicit approximations of Eq. (3-1) and Eq. (3-2) are used to compute the first 
guess for the new time-level velocities using the initial conditions or the previous 
time-level values for all advective, pressure, and viscous accclerations. 


2. To satisfv the conunuity equation, Eq. (3-3), pressures are itcratively adjusted in 
each cell and the velocity changes mduecd by cach pressure change are added to 


the velocities computed in step (1). A repetitive process is required because the 
change in pressure needed in one cell to satisfy Eq. (3-3) will upset the balance in 
the four adjacent cells. 


3. The cell fluid function defining fluid regions is then updated to give the new fluid 
configuration. 

In this manner the fluid solution can be advanced through all desired time intervals. 

Horizontal and vertical velocity (u,v), pressure (P), and fractional volume of fluid in a 


cell (I) are calculated at each time step at the cell positions shown 1n Fig. 2. 


== © 





Figure 2. Typical cell configuration: U and V velocities are found on the sides 
and top of the cell with pressure and fluid percentage of each cell found 


in the center of the cell. 


The fractional volume of fluid function (F) 1s used to identify grid cells that contain 
fluid, and to delineate surface, interior or boundary cells. A free surface cell is defined 
as a cell containing a nonzero value for F and having at least one neighboring cell that 
contain a zero Value for F. Cells with nonzero F values and no empty neighbors are 
treated as cells full of fluid. 

Introduction of variable viscosity into the code required a change to the code. This 
was accomplished by: (1) establishing a viscosity grid and (2) encoding this viscosity grid 
into the viscous terms. The viscosity grid was established bv identifving three areas, 1, 
the mixing layer at the surface of the wave, v,, a transition zone from the mixed laver to 
the turbulent free layer defined as —— and v;, the base layer, (effected bv molecular 
viscosity onlv). The turbulent mixing laver was defined as those cells which were be- 
tween the free surface and the desired nuxing depth. An example is given in Fig. 3 de- 
picting the mixing layer following the surface. The height change is from the numerical 


initialization of the wave. 





Figure 3. Kinematic viscosity grid configuration: ‘The setup of the viscosity grid 


detest is tic. Stitiace nuNXing layer, Vv,, the transition laver, and v, the 


base fluid laver. 


The viscosity grid was redefined at each time step resulting in a moving mixing laver 
having a constant thickness. A four corner average was then used to obtain a value of 
v for each computational cell. The single derivative form of the momentum equations 
(Elarlow 1980): 


du _ Len , @f, ay, @| f du, av 
7 iam + jw | 4 2 “( + 2) (3.4) 
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was used to reduce numerical noise associated with calculating second derivatives at the 
boundarv of the two layers. 


B. THE WAVE 

This study focused on the attenuation of deep water waves resulting from rain- 
induced mixing. To simulate this a computational domain was initialized representing 
a fluid vessel or tank 1.4 m wide and 3.0 m deep. A Mean Fluid Height (MFH) of 2.8 
m was selected. The tank depth of one wavelength was chosen to ensure that bottom 
effects would be negligible during the propagation of the wave. According to deep water 
wave theory, velocity at the base of the tank 1s smaller than the surface velocities by a 
factor of e-” = e-"< 1. Furthermore, a smal! amplitude wave (3 and 6 cm) was chosen 
to maintain stability of the wave. During the carly part of the project the wave was 
found to break if the amplitude became greater than 10 cm due to the manner in which 
the code assigned velocities at the free surface. Normally a surface velocity is set to be 
the same value as the nearest horizontal neighbor cell. Depending on the direction of 
wave propagation this horizontal movement of velocities occasionally produced an un- 
realistic velocity discontinuity in the vertical. This problem was corrected bv making the 
nearest neighbor cell directly below the surface cell. 

A 2.8 m wavelength standing wave was chosen to minimize continuation boundary 
problems associated with a progressive wave, and to facilitate a simple initial condition 
having no velocities. A standing Wave is actually two progressive Waves propagating In 
opposite directions given by: 7 = 4, cos kx cos wi where 7, 1S the wave amplitude, Kk is 
the wave number, and w 1s the radial frequency. A progressive wave was simulated by 
initializing one-half wavelength of the standing wave using the instantaneous wave 
height: 7 = MFH—y,coskx att = 0 fora domain of 0<x< o. The waves initial 

onfiguration is seen in Fig. 4 under steady state conditions. Velocity vectors are alsu 
plotted for the initial steady state condition and are represented by a vector of zero 


length. 
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Figure 4. Initial wave configuration for all experiments: The one-half wavelength 


at rest prior to being released. 


The wave was released froin rest and observed as it propagated through the tank. Wave 
dvnanucs Were reviewed and compared to theoretical valucs to ensure that the wave and 
code had been properly developed. 

Validation of the wave was accomplished by exanuning the period, the vertical U 
velocity profile, the potential and kinetic energy, and the attenuation characteristics of 
the wave. According to deep water wave theory a period of 1.34 s 1s derived. In 
Fig. 5 and Fig. 6 the wave is seen to take approximately 1.3 s to propagate from a 
maximum amplitude at the right wall to the left and back to the right wall comciding 


“with theorv. 


CYCLE = 30 


T= 0.90 s 


T= 0.10 s CYCLE= 10 


0 


CYCLE = 


T= 0.00 s 


Ne 
\ ee 


plies 
ae 
| ae 





See 
ae 


AW 
(TON es 
TT ial 
JILL EEE eee eee 
ie ee 


al 





CYCLE = 70 


T= 0.70 s 


CYCLE = 60 


T= 0.60 s 


CYCLE = 50 


T=" Ul DOns 


ewwteededceeveeeeweefeetetesees#e & 


ewes ee ee ef Fh een eee eae eo & 


weee ete aan e sh pee er ee ef @& 


RRehmo Dea ee eee wre et 6 


Aum ee ar vreenecve 
NR Geieketeleteis« s sielete ¢ 


Fitter aanae 





—eww we © ee a 6 6 6 oe 


HANS Sere eee 
AAA es ee te 
AGO C ue ote « 
NATE siteess oes 
TLC Nt tea 
VILLE 0 Cano trxe 
paecdreesssceee 


aoewrereerte fF @2@ 2 @ 








Aibiataeeeeeeeee ees 
DB iajiccns tae 
Fyn nine a oe 


eeee8eeeste &¢& ® @2 # © & @ @# # & @& 





g 


;: The wave ts observed propagatin 


Wave propagation through the tank 


Figure $. 


from rest toward the left wall of the tank. 
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of the tank. 
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Figure 7. Natural log of u vs depth. 


To validate the velocity field a vertical U velocity profile was exanuned and compared 
to theory: u = ue, The theoretical velocity decay profile was derived and plotted, 
Fig. 7. The numerical profile was consistent with theory except for an inconsistency 
seen near the bottom of the tank which may be due to numerical notse contamination. 
The energy of a standing wave is known to be periodic alternating from Potential 
Energy (PE) to Kinetic Energy (KE) over time. Theoretical values of the total energy 
density are obtained by adding the energy density of the two progressive waves, 
('2 pg? 4) each with half the amplitude, (7, = 1% 4,) of the standing wave. For a wave 
, 


_amplitude of, 7), 6 cm the total energy 1s “4pgyj = 12.348 J and for a 3 cm amplitude, 


3.087 J. To compute energy numerically, PE density was calculated from: 


PE='4 pgn’ dx dz (3.6) 


bv summing over the surface of the wave, where 7 is found to be the distance the wave 


surface 1s above or below the MFH. KE density was found by summing: 
KE = 2 pV? dx dy az (3.7) 


over the domain of the tank where V? = (uw? + v*) for each cell. The energy for a 6 cm 
amplitude wave propagating under normal conditions of molecular viscosity 
(v = 10-° 7? s-') is seen in Fig. 8. The peak energy values are consistent with theory. 
Initially PE is a maximum and KE is zero. As the wave propagates PE approaches zero 
and KE reaches a maximum at each one-quarter cycle. PE becomes a maximum at each 


one-half cvcle as KE approaches zero. 


19 


= 
oe] 
wt 
A 
© 
_ 
— 
Cc 
© 
=I 
© 
& 
© 
ce 
o 
~- 
2 
<0) 
© 
te) 
© 
=I 
ee 
C2 
© 
N 
© 
a 
= 
© 


Time (Seconds) 





Figure 8. Potential and Kinetic energy vs time: The sinusoidal nature of PE and 


KE is depicted for the wave as it propagates over time, v = 10-697? s-'. 


Kinematic viscosity was used to represent the turbulent nuxing occurring in the 
water column. The values used ranged from 10-6 #77? s-' representing molecular effects to 
10-? 7? s-'! representing high turbulent conditions. This range included values found by 
Manton: 3 x 10“nr s' for a light rain event and 1.6 x 10-3 nt? s-' for a heavy rain 
event. This range also included Green and Houk’s estimate for the mixed layer eddy 
viscosity coefficient, 5 x 10-32 s~'. The kinematic viscosity was kept constant over the 
entire water column to determine if attenuation effects were following theory. Both 
_amplitudes were used for this test. Two different methods were used to determine the 


rate of energy change over time. The slope of the decay of peak kinetic energy was used 
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as a direct representation of the rate of energy change. From Fig. 9 the attenuation due 
tov = 10°? nr s gives a normalized slope of 0.15 which is nearly consistent with theory, 
4vk? = 0.2. A more accurate method was found using the internal dissipation function 
(Schlichting. 1960): 


b=? (-)i+( =} - (4+ 2) (3.8) 
Cx éy Cy Ox 


This represents the decrease of energy from viscous effects and does not include the re- 
distribution of energy into the wave. At each time step the change of energy was cal- 
culated and normalized by the instantaneous kinetic energy. Final processing of the data 
was then conducted by taking the average of the rate of change of energy divided by 
KE, 1.¢.,D/AZ. for KE > 1. This was required due to an erroncous spike developing as 
KE became less than one. as seen in Fig. 10. This was done for both the 3 and 6 cm 
amplitude cases, the results of which are given in Tables 1 and 2. showing good acree- 


ment with theory. 


Table 1. RESULTS FOR A 3 CM AMPLITUDE WAVE. 
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Figure 9. Potential and Kinetic energy vs time: The sinusoidal nature of PE and 
KE are depicted for the wave as it propagates over tine, 
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C. THE MIXED LAYER PROBLEN 

Due to observations bv Keedy, Siscoe and Levin, and Houk and Green two nuxing 
depths, 10 ana 20 cm Were used in this study. The 10 cm depth was 1 presentative of 
the maximum penetration depth of vortex rings formed by raindrops striking the ocean 
surface while 20 cm represented an increased mixing depth penetration, but occurring 
-more infrequently. Kinematic viscosity of the base laver was set at 10-§m’s-'. The 
surface mixing layer was varied from 10“ to 10?’ s-'. As for the single layer case, 


@/KE was calculated at each time step and averaged for all values of KE greater than 


Mi 
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Figure 10. Rate of energy change: Attenuation for ® (—) and @/KE (---) with 


v= 107 nn? s-, 


one. These results were compared to the expected theoretical values of the two lavers. 
The theoretical values shown are — where v, is the mixing if the viscosity coefficient in 
the mixed layer is used and v, is the mixing if the viscosity coefficient (molecular) of the 
lower laver 1s used. 

The effects of increasing v in the top 10 cm laver is expected to increase attenuation, 
although less than expected if the entire water column is more turbulent. Doubling the 
mixing layer to 20 cm is hypothesized to double the attenuation seen in the 10 cm sur- 


face laver case. By increasing the penetration depth more kinetic energy should be taken 


out of the wave, 1.e.,dampen the wave. 
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The results shown in Tables 3 and 4 are for a 10 cm mixed laver and in Table 5 for 


a 20 cm mixed laver. 


Table 3. RESULTS FOR A 3 CM AMPLITUDE WAVE, 10 CM MIXING 
DEPTH. 


CS 








Table 4. RESULTS FOR A 6 CM AMPLITUDE WAVE, 10 CM MIXING 
DEPTH. 
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Table 5. RESULTS FOR A 6 CM AMPLITUDE WAVE, 20 CM MIXING 
DEPTH. 
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1. Single Layer Wave 
Using molecular mixing. v = 10-* m? s-! , (Tables 1] and 2) a 3s«¢m amplitude wave 
required 46,000 wave periods and a 6 cm amplitude wave required §2,000 wave periods 
to reduce KE to an arbitrary cutoff value of 0.5 N-m. By comparison. the rate of energy 


change for a 3 cm amplitude wave with a 10 cm mixed laver (v, = 10°? nr s-') showed a 


3,000 fold increase in the rate of energy loss, requiring only 14 wave periods to dampen 
the wave. An almost identical rate of energy loss is seen for the 6 cm amplitude wave 
with dampening occurring in 22 wave periods. If the mixing depth was doubled to 20 
cm there was a 6,200 fold increase in the rate of energy change which is nearly double 
that of the 6 cm amplitude wave with a 10 cm mixing depth. Thus by increasing tur- 
bulent mixing in a thin surface layer an increase in the rate of energy change (3000-6000 
fold or greater) can be produced. This is especially noteworthy for short gravity and 
capillary waves whose energy is mostly contained within the mixing layer. 
2. Rain’s Effects on Waves 
a. 10cm Mixing Depth 
To model the effects of rain, three viscosities were directly associated with 

rain events: 

]. 3.0 x 10-47? s-! for a light rain event (5 mm/hr rain rate) (Manton) 

Perce avers for a heavy rain event (12 s2/hr rain rate) (Nanton) 


3. 5.0 x 10> wr s-' for a heavy rain event (14 wun/hr rain rate) (Green and }louk) 


Viscosities (1) and (2) were used in th's study. Comparing the results for these two 
viscosities showed that as the rain rate and the turbulent mixing increased. an increase 
in the attenuation of the wave also occurred. The time interval required to dampen a 3 
cm amplitude wave with 10 cm mixing depth was 380 wave periods for light rain and 80 
wave periods for heavy rain. Doubling this wave amplitude and maintaining a constant 
10 cm mixing depth. is found to increase the wave periods required to dampen the wave. 
During a light rain event the wave is dampened within 655 wave periods and 126 wave 
periods during a heavy rain. 
b. 20¢m Mixing Depth 

As shown in Table 5, doubling the mixing depth did not double the rate of 
energy change as hypothesized, although a significant (50-80%) change did occur. For 
a wave of 2.8 m wavelength and 6 cm amplitude, a light rain event caused the wave to 
be dampened within 420 wave periods and within 80 wave periods for a heavy rain event. 
This is a reduction of approximately 38% of the wave periods required to dampen the 


Same Wave with a 10 cm mixing depth. 


IV. CONCLUSION 


Strong rain-induced mixing within a very thin surface layer will increase the atten- 
uation rate of surface gravity waves by several orders of magnitude over the rate of at- 
tenuation due to molecular viscosity alone. In this case study a single wavelength (2.8m) 
was used together with two mixed layer depths (10 and 20 cm). In the case of strong 
mixing (v = 10-? m7? s-!) with a 10 cm thick mixed layer, the wave was dampened with 
12-24 wave periods compared to 46,000 wave periods for molecular viscosity alone. 
Using estimates of the eddy mixing coefficients for heavy and lhght rain from Manton 
(v = 1.6x103 n? s-' and v = 3x10~“m’s-') , the wave is still dampened within 126 and 
655 wave periods, respectively. Increasing the mixed layer depth to 20 cm produced a 
significant increase in attenuation, reducing the nunber of wave periods required to 
damipen the wave to 80 and 420 wave periods, respectively for heavy and and light rain. 
This influence of rain on wave attenuation has several potential applications. 

Scatterometer and SAR observations of the sea surface depend on the presence of 
short gravitv and capillary waves. These waves are generally shorter than the case study 
wavelength (2.8 m) and they will be even more strongly attenuated by rain-induccd 
nuxed lavers. Thus, this theory can be used to explain the observed SAR imagery in 
rainy regions (dark image) and mav allow a correction to be applied to scatterometer 
algorithms used to measure wind speed from small scale ocean roughness. This should 
increase the accuracy of weather forecasts for marine shipping. The damping of slightly 
longer gravity waves present in ship wakes is also of interest. Rain will attenuate these 
waves and thus mask the ship’s wake. decreasing the chance of detection bv other re- 
mote sensing techiques. Rainfall measurements can also be incorporated into wave and 
surf forecasts as wave length dependent attenuation. This should increase the accuracy 
of such models by decreasing the «::ergy contained 1.: the high frequency spectrum. 

This study has developed a boundarv laver that resembles the shape of the water 
surface which may assist in simulating mixing problems more realistically. The effect 
of turbulent kinetic energy could be introduced numerically by using the turbulent 
kinetic energy equation. This equation would provide a “Revnolds’ eddy viscosity coef- 
ficient” for each cell which could then be used directly rather than by defining an arbi- 


trarv mixed laver. This will allow variable surface gravity wave attenuation as the nuxed 


tJ 
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laver deepens. Through this method the effect of a finite duration rain squall on mixed 
laver depth and wave attenuation nught be estimated. 

This study focused on one wavelength, two amplitudes and two mixing depths. It 
is recommended that further numerical studies be conducted with larger wavelengths, 
higher wave amplitudes and deeper mixing depths. These factors will identifv cutoff re- 
gions Where rain-induced attenuation no longer has an effect on the wave. Wave tank 
experiments would also benefit numerical modeling to assist in parameter formations for 


the manv inputs necessarv for turbulent kinetic energy models. 


REFERENCES 


Ashton, E. W. S. and J. K. O'Sullivan, 1949: Effect of Rain in Calming the Sea, Nature, 
164, 320. 


Barnaby, C. F., 1949: Effect of Rain in Calming the Sea, Nature, 164, 968. 


Batchelor G. K. 1967: An introduction to fluid dynamics, Cambridge University Press, 615 
PP: 


Caldwell, D. R. and W. P. Elliot, 1971: Surface stresses produced by rainfall, J. Phys. 


Oceanogr., 1, 145. 


Fu, L. and B. Holt 1982: Seasat views oceans and sea ice with synthetic-aperture radar, 
JPL Publication 81-120, 200 pp. 


Garwood, R. W., 1989: Unpublished manuscript. 


Green, I. and D. F. Itouk; 1979: The mixing of raimwithnear-surlace water, 7 7a. 
Mech., 90, 569. 


Keedy, H. F., 1967: Vortex rings formed by free surface interaction. Ph.D. Dissertation, 


The University of Michigan, 141 pp. 


Lighthill, J. M., 1978: Waves in Fluids, Cambridge University Press, 504 pp. 


Livezey, M. S.. 1988: Discrete precipitation effects on seasonal mixed laver dynanucs in 


the North Pacific Ocean, M.S. Thesis, Naval Postgraduate School. Monterey, CA., 


Sep., 7 1ope: 


Manton, M. J.. 1973: On the Attenuation of Sea Waves by Rain, Geophys. Fluid Dyn., 


Maxworthy T., 1972: The Structure and Stability of Vortex Rings, J. Fluid Mech., 51, 
JW Se 


Nichols, B. D., C. W. Hirt, R. S. Hotchkiss, 1980: SOLA-VOF: A solution algorithm 
for transient fluid flow with multiple free boundaries, Los Alamos Scientific Labo- 


ratory report LA-8355, 119 pp. 


Sainsbury, G. L. and I. C. Cheeseman, 1950: Effect of Rain in Calming the Sea, Nature, 
166, 79. 


Schlichting, H., 1960: Boundary layer theory, McGraw-Hill, New York, 300 pp. 


Thorpe, S.A. 1984: The effect of Langmuir circulation on the distribution of submerged 
bubbles caused hy breaking wind waves, J. Fluid Mech., 142, 151. 


INITIAL DISTRIBUTION LIST 
No; ‘Copies 


Defense Technica! Information Center Z 
Cameron Station 
Alexandria, VA 22304-6145 


Librarv, Code 0142 Z 
Naval Postgraduate School 
Monterey, CA 93943-5002 


Chairman (Code 63Rd) l 
Department of Meteorology 

Naval Postgraduate Schoo! 

Monterey. CA 93943-5000 


Chairman (Code 68Co) J 
Department of Oceanography 

Naval Postgraduate School 

Monterey, CA 93943-5000 


Professor R. W. Garwood (Code 68Gd) l 
Department of Oceanography 

Naval Postgraduate School 

Monterev, CA 93943-5000 


Professor Jeffrev A. Nvstuen (Code 68Ny) ] 
Department of Oceanography 

Naval Postgraduate School 

Monterev, CA 93943-5000 


Professor Chung-Shang Wu (Code 68Wu) l 
Department of Meteorology 

Naval Postgraduate School 

Monterev, CA 93943-5000 


Lt. David W. Howell, CSN 3 
NOCE 

Box 68 

FPO Seattle, WA 98762 


Director Naval Oceanography Division I 
Naval Observatorv 

34th and Massachusetts Avenue NW 

Washington, DC 20390 


WOE 


I]. 


Commander Naval Oceanography Command 
Naval Oceanography Command 

NSTL Station 

Bay St. Louis, MS 39522 


Commanding Officer 

Naval Oceanographic Office 
NSTL Station 

Bas ot. Louis, MS 39522 


Commanding Officer 
Fleet Numerical Oceanography Center 
Monterev, CA 95943 


Commanding Officer 
Naval Environmental Prediction Research Facility 
Monterev, CA 93943 


Chairman. Department of Oceanography 
Texas A&M University 
College Station, IX 77843 


Chief of Naval Research 
S00 North Quincy Street 
Arhngton, VA 22217 


Office of Naval Research (Code 420) 

Naval Ocean Research and Development Activity 
S00 North Quincy Street 

Arlington. VA 22217 


3] 

















“a num 
eriCal Study Of rain-tnauced surfac 








samen etna cs = ae este MATA ATOA TTC 
=~ Fi Inui 
see ee be AANA 
ipiearaic ae ethene mi 8 000 82434 
= . : DUDLEY KNOX Aaa 


















aie 
th ated 08 oF 0 OFa Ht: 


Me At Me ev 0 chet of OTM ANEe eT ad 


SettgG? Cee TFS 
eset anse- z 
agpetu sere 




















































































sor akerar @ coset 
Rates anton wee Ter sohe ecgser@ 
FP ae pant ete rniys i otf OF o.* en08 5.5 
OF whee HE Poet omtpees seoresetmt # 38 rae 
SF cian enced a 08 POs eh ofa kat seve ewan st go@ @eeetae a: onsets © a! “ CCC Ra ‘ i: 
oH ‘ 08% qeiet ‘2 ones ote 
eer te eeetetet : F 4 denne ® Doh yrs ete cron Net ene ‘ne 
’ nae gerabe ‘ 
ae - se0erh otf 
a te om eet 
el eat A gh PO Re Pe 
pe ae em ot p48 6 SoRod 
= Out gf *¢ sessat-m oe? ® 
ont rer) o 158 @ gttt At #ootdn ter 
; 94a ne ode ge tote? 2 ate Fa 
. er a persia entrees f poet 144 
seneren mongeie? orm? eecauay genetic ee 
6 





ee ye ees 
Oe neti 
So oof Pane Pott wang t, See Fe 
LT el : ( . 
wt ae 


Oat epg end 
Hrasegegne? saeF 
a aqentitan 
gh  wehat ere! 
ap? age *"s 










. 4 popsete my 
dragaveors? 
<4 Pear witha 
Dost te Gut of Af peReaemree a 
= ene og tee er mba as grade 4re te 




























ain otslat 
Pr as beh 


owas OF 






gt rhs*e 
requisite bene 
tar" 

' 










ott we wer 
17 ows® 


perry ese 
Acige Neel 














b@ geee es 





aa 


























































































































































































































































































































































we e-efo =i 
Fut ram asere twat A 
te 
pa OL ind 
tye oF 
rt Pie) a P = Ce PT . . 
Pe edd op gece ft ant os aer 78 ae 4 aes iat 1) runs 
6 s eaae ee easaes poe . co ete t Bye uf aeh ' 1 of 8 net . e a mena ° é i 
z aarti erent 7 et wa men eaee 6s Oe eF a tat . rz8 + ey [et es ‘ © A 
eas Me! 0 re ALP OFS nh he nersece® oe oe" netee ate oe 8 ° a ' ' 1 : ‘ 5 ? , 
sd cone? aeie oi D. Patan a? canoe dt © ge Oe em ore oe wealsfi es , ' $ uy Le niet i 3 SSS sa C : 
wraad oF maw on OF AO Bat he data? (Foto erm oemee 7 10st ot oe -% ae aS i Dee ge @ucsnee we ive, =n eute aver . os ' ae 
moe Pf e OLE OD Pye read Cobat a xo re ott ayes ore Was teen Mogi ten or eet Weed weet : ae ae Fi , , 
vt ob datos or RP ded Toe hb yapter ams arse PEt ow core ste siete? PST Me Ca be aed rie! 1 aaa ' 7 
ee Ne ofS ated Ma ant ot ee @ P 10 ype 409 Pree? wet Bootl of a arte 
odes nt po et & ter meatea ' a a tT] we Pee , 
deel Sty mega aia el O90 eee eee ee . y ; 
Sal ot ete wabte ers rve tee Pre tives od tye tt “y : 
pad FP Boe whe a * wea are oot on ombptates He st tehete Pr ad aie © e 
reese SET par ane. bs H raw hart ae ne pow ne r vee 2000 ak Aas wee EF Oet+0 o qa ten o ' 2e ‘ ne Cer 
ep fn © 0 al d, onertert eer plow nnt 0° tot i on av etm? Cet we phd ie eh o-va? Cat ‘ a . a8 
«. Tt ded aay corer yt tain em ones ad cesetaret os ane. ctngr ae? "nc gee Para? * Hats? : a 
rit ot tet pp tame , ean ge er ae rir of 8s . a S08 5 s¢ 1 
tas er to we Oe : ely ees ‘ ‘ ‘ 
ap od peg OO Pl al Sie . ' ' ' ry ' 
Stupale me bare ae » Rina , ge en 
pow re 9 ot Pal wm Pr ee od oo rT Ad did fer oty » y : 
ae wre: of ares o ortta 80;% %e eae ee is? i : 
e en-wen 1etate ote cept ehece s. ie : - 
© 2 taeyce A az we bbe = eyes Ste Pet aed ar@e eres . ‘ 
amt Cte ESS me meee o o¢* oT) Pieter , 
eo a -poorarede ; jer tee be mad Peon a peur srs : i 
a ‘ Let Pe Mind eutte« . a . 
— eae cee =! Teli os a ; 
encncengeaieres oer Se a Pas ie p 
E y og 3% % O08 meee ® one ‘ e t ' 
; Feet ae o uae 
or ‘Ld ’ . . °@ 
ta Aye 80 é . en 
ee : : a 
A s . ' 
. «6 © ' 
' . 
1 of ' 
. a oe . 
, ' 6 
F . 
ef .] : . 
' 1) eon . i. 
' . “8 3 ot 
we ° ' 
° i@ 
° - s 
e. ‘ 
1 
' 
on . 
. 
' ' ° 
a. oe ' 
® 1 
, . ' ' 
' 
' . 
‘ 
' 
‘ ' a * 
fu 
2 
ui . 
¢ 
. 
§ . 
s” . 
. a e ’ 
oe? ‘ 4 Tinacne 
e Cae <a aot" os ° 
oe : at, x= #3 * of i - te 
- ° ° 
fe . han % ' s ° ; 
ofe; ae “ é ° . ' ' 
r4 9. is & s os. * a te a 1 
« . - ° ‘ . ' 1 
. - » a . 
Pe os = 2. 2 8 = sot . ' 
j se P * 3 eae ’ 16 . ' 
a - e ° ' 5 6s LY 1 ne ; f. 
_ s j ~ - ' ' i 
1 ree ae oI : ’ * - 5 E a : = 
« e 5 t bd > Ye) © ¥ . 8 
= ©F ° “$ 50,5 ~ ; ’ . ? < 5 ’ . 
aoe “ s § ° 43 a Cr ee ' 
wie ~ - 8 ee . 9e8 © - - . 
= o tye 5 2 ° as 3 - A ' oe = ' a . 
ie “2 r $ i °* e- 
é™ . # ° . 
° ; FY 2? ; : : _ * . , 
se 7 
aa * F . ‘ e 
< bee ° s 8 ° . - 
e ew * s ‘ ° 8 * 
mu “yto4a? & 34 J - ° ‘ ' ‘ 
une Fe ow 3% . eé s vies . Ra : = . 
eo ete he aoe ot tart . 8 ss : daa e a 
4 ale ‘ . = 6 cog ; ' . 
~ ry 5 4 =>) ' 7 @3 - 4 Ls ° ° 
eer Z * - 
. . ‘ 
e ° .@ s 
° 1 8 . 
‘ 
- ° 
. ~~ ¢ 7 
o we m * e ? . 
- yy preme ev ey x ° hee . 
Mee eu mspe “8 2, 8,3 ¢ * . 8 ° = '‘ 8 
Pegs eo wee ” ode : , Me P : 
o webed ie tam og orere Ns Fs 5 ; 
ES ects ey 2 ee comed t oi coe - 7? 5 . ' 
= ate ® © 8am ~ouanwre + Oe on6 oe a5 : : 
a See ewes we 7 ee . wom ee ¥/ _— = hs: ; ’ 7 
epee, pe oo “ows wba q F420 GE mee -teovdem? © Men wd. ® ° ri ' 
conae eure hess" apere gedgzotg eas —~ewor 1170S Leeder, ee : - od _ : 
eo = - * & 3 * 5 
os ~~ rr @ sgn oe ee harps le — ous ape Seed ae 4 = i. es ae * ; . es . 1 - 2 
Seeepee cere et were © Ko ww in co re ote Site ga Ges ee e.eee . ; 
ay Cap SP rte Omhae. SU O% eae ay pert + me aqe 0. ey OTE » 02 ' 
yd eqdamees craves C= = AO -P mpre tm Coe eo - . “e | s 7 
come eT. Pe ee © ° 4 qm yo Ree peers st] MS Oty ' & gts ' 
ee aeee —_ ~- * yorpen varnae soo geuh* * $i eu? e & ° 
ere get Nee wipe. re SE Aly a . . : 
a a wen NKem os & . . 5 ‘ be S 
Sete: ai bp one ar a ere B00" on - . ; “ ‘ 
neato -oeees quelli and ote to wren te hp w5e awe 5°00 estat “ * ar é . 
Sank ee _ —Kesaliabot pot y a an de groree egret ee ye UPaheds Ow * uO oom Pe . Ss . 
arn a re « = tae he he & tm 2 0 OP OF - ems ty“ 6 > - 
= ~ Seytaad ov sae = ' 
sent ons soar ware tee ater Ss ayterarees warner Ospse’ oS ° oe 4 et OW a oh Gem — a i Z ° e° ’ i ‘ i 
set rod ae anew & ee © ex ap® an on™ oo Sato te where SOS see™ & dgtwen t ty be farcroese cere ry SS to o. eo - 3 Ld 
ne On ane oarara aa wer ep atgey Ga Sr Pe S USS 9 Ew oo tye Coe metey , ns <n aye Seid ine A % . 
ete ey -P ppp é. Ta owes pasene terge *Fe ete toh er wheewra® > A Mere newer | 2 e =. 200 ‘ saw = : Sr = 
rte D Sao 2 BYR Scie Ser & “HE* ? more te OF CUM OMIT he UL dh Bl ee ‘ ' ' 
ewe e @, Oe ig ete CPOE amy Face e- SE o% tye Boe ey & %: ewe eat ; a | ’ ' La s 
cern See Te PON Oe ed aremgy wre eae hrez 8 ee ere » % xe a 3 4 : ot ’ 
@ tebety he wvetucgece & Pe a ~ . 9 ' . v e . ' . e 
ae 1 6* DEFT UNG DS OOH oT ahh | 5% aoe A wer Oe ™ yee i hes . . 6 
sat gis? 8.78 ome? o4fam s & a? . oe # e% oe ® e a’ . e | 
ae aa om (tesa? om o> ° «* ' ei » : 
~~  entaiemmne: 2 a ny ty, ayer Od 8 9 Merah . « 
= meee Seen ena ee eyrwee Be Oy in Syd eve Ory ome ° ‘ r ‘ y i 
atte erie eees “Sy ee' eee amsan cece ores cana MOSS Ss pare a FUP oe eee e 1 P fs ‘ : 
t 089 9 gO a geme mete 19 Coto com Chet = =} s*8 e “ ° ’ 
ebse wna tt atehseeet oy lebee bate te fo? TOP 2 é ¢ ne ' ' ° 
are (Te SBM ODS 6m Gee or baa ee e ‘ s . 
, teste et? & gyn an 6 2 ~~ ry 8 e ° ’ 
Peopaces owes * mdv%me er © 2 tRce OE we r 9 a ° ® 
eptty Emaar waaay oar © ag eys-oneay shetere ? MSP.) ote Wang c Par te “ 7 
“s age, Geel? 200 EE on! Se eh dedi qray! etwas gt ® e . 
Caren 0 eer O ON CPE Oe ~ Ot spay ence an & UMO 0p 2828 GEE SBOE STU OS eT " * 
Pegs t rght Bm OQrercss gee recs er) O ape eter sow . + ree & : 2 e ° ° ° t z 
od es ee wttees east, comm wh. og semen ® did e : ‘ ‘ 
— si cpourene ort, Smeyee secure sereces 6 o Ore ream e ‘ * 
Ay FESO DOD PCOS seq metigoertye: HO om oeoryv ee ee, 2d ’ ; ; 
ee _Aealietantil eryaes nenmn 19ere on emt Gre «cB we* a 
SE ergds be aden te OF EIT Ho cPvoo OS LN Ce be Le | ee ee . ° 
peasant = 200 GeOaheiem: Fe as CP ON" econ gw eowen wrote eae ; ; 
aT OIG ITY ATIC LE Oa, meager a ee ees ghey an or" e af e e ; 
se oon wy S80 ~ am eye 0, oa OS =? Oe ed ed 4 ; 
ee eee o- opt cee ee CHT! ~~ 99 Sete 8 Bq een oP OSBORN? option (a am ee a © eh ' . ¥ a 1 , 
metorxs SS esimess i a 
. . - - a? yout ‘ ' eoev ' e 
i Ear OS ECG KH 2ght! a tem “T € ‘ ee ) ‘ ‘ A 
Ca eS Ae tiie Lalebrha tes oes ee ar 
é nap oe awe, ood bey = 7) * 
ae = remains FOG 0 OES carnqoereteny SOR 0 mr SOO we wewtpoy SE Ruclenes OT itll py Pea e*s . ah. : ‘ 
ouaey oan age ene Be 87 TS ME PEST wer” ° ee ho bo ue tleeuhiehlly eee oeee ve 6gce 1GVNe TIE™ erie vo 0 a8 ; .* as e? rt 4 d 4 
aera ccatgaIen eS LOTITO GTT AD 8°97 FOS | wer gt Rag Bret He 8 FEre Og O° SRD 10 HE erry a mies ey Pe yates eg? t.¢ ose e : 
Scone wer greerranngegarnrr es eeseyutg secu owt pone) pe vege coary ve 9-98 eC ,1 @ et . ‘ : ' ' 
- exe oteeyne rar 5 Tad de ge be . i : , 
paper bya GR ae ee eee signee tm oeg Snes pee - Tie al made aaa tT si ee + ° ee soe 
= - ‘ 
lotta det Tee hashientainrted omen Cr? 29 Yay dete tote We OF? oe ‘ sm OC‘ ks TNS ' e 1¢ 
. semen ao tn puteeyens ¢oge wean ole 2 ta erers GSeere ~~ 9 ° 6 vt ’ se ‘ P h 8 
ee ae omy cm 0 ET ET OTN arr e's & on 408 eee ot ro 6 ofse ) ° 4 $ ‘ 
ere QrUreew” owmrn es * Pf - “ 
Cahab apps tae Sle ergs oerreerett S pny Th, ee a We ‘ : ; 
. eN-Sogne | PEG OE Ceres & TOs S ong org rg gr ts TT? w er a se @ i / 'y i a 8 8 ’ € ' 
xSP SETHE WT WS owee 16 a a Z 29 ae % are ey ~« ped s 3:8 * ¢ 
padipe inte Tiamat ‘ ay - ’ a ‘ 5 
rs wrocewee ¥ sve"e°> « eee 19 ty © ss ‘ a wes 8 i Us Li 
oo GOT 8 O78 TOT reed Fe DECWO LOVES oc rte CFG to OH equ amrece a ee Se oF rie 
A eyo mp yoo be ave 4897s wore s ” sh : ae Ud Y : 
ong ah 4 : 
wes ee es eaters FUT ipsctuatl - ; a - pe $ i 4 ser 8 Fil a Py of 
engage? Fond ove Sates 6 98%: see é . ° 7) e © ° °s ‘ 
rere rene aq 8 e eeo¢ ’ ® . 
maa ry 20° S23 BUN fregang by? be eee ¢ ¢ ‘ f 6 bd e 
ory * ¢ +4 : 
wury er ete reer? 7 erg ere Pr ae be nev's a ay e + e 
oh ve fp lac es , awetyes © see ra) °e r « % ‘ s ‘ 
aad wrratg oo ® © eee og rr. v vt! a a 4 gt i ° be ‘ 
vee tare? wage: a eutre Ue oh? ane. ee " ( a) ' , . 
> cae ues 1 f a 
@ced 89 ONE mye eoh tess ag ' gre'w | ¢ #e Ae hers ’ ’ . ° s 
wee tge wee & ce - 
wroeeee wet TC a aked ‘« ¢- be he a ee e . 
La ea php pret rare ree erty . , - 
PGF whe VN cose lever@: wevmses Ee f “? ¢ : : 
‘wegen BH 8 ate’ Py ae os q | 6 
>€ 
Vidette Mae} . Ae ‘ ° 4 8 , : 
rw - ve e “ae 4 ® : . > 
f Feeee Oe we a é s 6 Cd 
‘ wea 4 r L ‘ 
. 8 e 
. ba s 
° ' 
so 






” 


